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ABSTRACT
Context. The second catalogue of Planck Sunyaev-Zeldovich (SZ) sources, hereafter PSZ2, is the largest sample of galaxy clusters
selected through their SZ signature in the full sky. At the time of publication, 21 % of these objects had no known counterpart at
other wavelengths. Using telescopes at the Canary Island observatories, we conducted the long-term observational programme 128-
MULTIPLE-16/15B (hereafter LP15), a large and complete optical follow-up campaign of all the unidentified PSZ2 sources in the
northern sky, with declinations above −15◦ and no correspondence in the first Planck catalogue PSZ1.
Aims. The main aim of LP15 is to validate all those SZ cluster candidates, and to contribute to the characterization of the actual purity
and completeness of full Planck SZ sample. In this paper, we describe the full programme and present the results of the first year of
observations.
Methods. The LP15 programme was awarded 44 observing nights, spread over two years in three telescopes at the Roque de los
Muchachos Observatory. The full LP15 sample comprises 190 previously unidentified PSZ2 sources. For each target, we performed
deep optical imaging and spectroscopy. Our validation procedure combined this optical information with SZ emission as traced by the
publicly available Planck Compton y-maps. The final classification of the new galaxy clusters as optical counterparts of the SZ signal
is established according to several quantitative criteria based on the redshift, velocity dispersion and richness of the clusters.
Results. This paper presents the detailed study of 106 objects out of the LP15 sample, corresponding to all the observations carried
out during the first year of the programme. We confirmed the optical counterpart for 41 new PSZ2 sources, being 31 of them validated
using also velocity dispersion based on our spectroscopic information. This is the largest dataset of newly confirmed PSZ2 sources
without any previous optical information. All the confirmed counterparts are rich structures (i.e. they show high velocity dispersion),
and are well aligned with the nominal Planck coordinates (i.e., ∼ 70 % of them are located at less than 3′ distance). In total, 65 SZ
sources are classified as unconfirmed, being 57 of them due to the absence of an optical over-density, and 8 of them due to a weak
association with the observed SZ decrement. Most of the sources with no optical counterpart are located at low galactic latitudes and
present strong galactic cirrus in the optical images, being the dust contamination the most probable explanation for their inclusion in
the PSZ2 catalogue.
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1. Introduction
The study of the anisotropies in the cosmic microwave back-
ground (CMB) has become one of the most powerful tools in the
field of cosmology and physics of the early Universe. A large
amount of new observational data collected from different facil-
ities and observatories allows testing and validating our cosmo-
logical model down to per cent accuracy (Planck Collaboration
XIII 2016; Planck Collaboration VI 2018). However, further
progress is still needed in the measurement of the cosmolog-
ical parameters if we want to solve some of the tensions that
appear when comparing the CMB constraints on some parame-
ters with those coming from other astrophysical probes (Planck
Collaboration VI 2018). For example, the measurement of the
mass density of the Universe Ωm or the normalization of the mat-
ter power spectrum σ8 remain important and challenging prob-
lems (Planck Collaboration XXIV 2015).
Progress in this topic might come from detailed studies on
clusters of galaxies. Massive clusters are particularly sensitive to
the cosmology (e.g., Planck Collaboration XX 2014). However,
due to its rareness, only large-volume surveys could present big
enough samples for detailed investigations.
In the last decade, the Sunyaev-Zeldovich (SZ) effect
(Sunyaev & Zeldovich 1972) has become a powerful technique
in cosmology as an instrument to detect such massive clus-
ters. This effect produces a spectral distortion of the cosmic mi-
crowave background (CMB) generated by the inverse Compton
interaction between the CMB photons and the hot intracluster
gas of electrons. Today, thanks to the Planck1 satellite we were
1 Planck http://www.esa.int/Planck is a project of the
European Space Agency (ESA) with instruments provided by two sci-
entific consortia funded by ESA member states and led by Principal
Investigators from France and Italy, telescope reflectors provided
through a collaboration between ESA and a scientific consortium led
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able for the first time to detect galaxy clusters via the SZ effect
in a full-sky survey (Planck Collaboration XXIX 2014; Planck
Collaboration XXVII 2016).
During the first 1.5 years of the mission, several cata-
logues have been released: the early ESZ catalogue (Planck
Collaboration VIII 2011), and the first official Planck SZ cat-
alogue (Planck Collaboration XXIX 2014, hereafter, PSZ1). In
2015, the second and final catalogue, based on the full mission
data, was released (Planck Collaboration XXVII 2016, hereafter,
PSZ2). It contains 1653 sources (in comparison with 1227 clus-
ters presented in PSZ1), and is the largest SZ-selected sample of
galaxy clusters candidates today.
Despite the detailed validation process carried out by the
Planck collaboration, there was a significant fraction of the sam-
ple (559 objects at the time of the PSZ2 publication) with no
known counterparts. Moreover, some of the SZ sources, espe-
cially those with a low significance SZ detection, may corre-
spond to spurious enhancements of the SZ signal due to the
galactic dust contribution at the Planck higher frequencies (e.g.
Planck Collaboration Int. XLVIII 2016). A systematic follow-up
study at other wavelengths might help to disentangle this prob-
lem. In addition, being the SZ surface brightness independent on
redshift, the SZ flux alone cannot provide either the distance or
the dynamical mass information of the clusters.
Thus, in order to make the SZ catalogues appropriate for
cosmological studies, in 2010–2018 the Planck Collaboration
and several individual research groups performed a few exten-
sive follow-up programmes dedicated to confirm SZ sources
from those catalogues, using ground-based and space facilities
(e.g. Planck Collaboration Int. IV 2013; Planck Collaboration
Int. XXVI 2015; Liu et al. 2015; van der Burg et al. 2016;
Burenin et al. 2018; Boada et al. 2019). Telescopes at Canary
Islands Observatories have actively participated in these valida-
tion and characterization efforts of Planck catalogues (Planck
Collaboration XXXVI 2016; Barrena et al. 2018). The first two
catalogues, ESZ and PSZ1, have been partially observed and val-
idated through the International Time Programme2 ITP12-2 and
ITP13-08 (e.g. Planck Collaboration XXXVI 2016; Barrena
et al. 2018, 2019). As a result, we retrieved physical proper-
ties and confirmed almost 200 previously unknown clusters with
0.08 < z < 0.85. This validation programme provided also im-
portant information for cosmological studies with clusters. For
example, it was used to constrain the bias between SZ mass and
dynamical mass (Ferragamo et al. 2019).
The new PSZ2 catalogue3, as a final and uniformly selected
sample, provides new galaxy cluster candidates which could be
used to constrain cosmological parameters. With this aim, and
taking into account the impact of our previous observational ef-
forts for PSZ1, the new long-term follow-up programme has
been launched in order to validate the second and final Planck
catalogue. This programme is the largest and the most complete
optical follow-up campaign of unconfirmed PSZ2 sources in the
northern sky.
The current paper describes the rationality and strategy as-
sumed for the LP15 follow-up campaign, together with the re-
sults from the first year of observations. The results of the second
year observations, and the final conclusions of the programme,
and funded by Denmark, and additional contributions from NASA
(USA).
2 ITP: http://www.iac.es/eno.php?op1=5&op2=13&lang=en
3 The PSZ2 catalogue (FITS format) and a detailed description of
its content can be found at the Planck 2015 Release Explanatory
Supplement https://wiki.cosmos.esa.int/planckpla2015/.
will be presented in Aguado-Barahona et al. (2019), in prepara-
tion.
This paper is organized as follows. Section 2 describes the
Planck PSZ2 catalogue and present motivation and strategy
of our long-term programme, observation and data reduction.
Section 3 shows the methodology used for new cluster identi-
fication. In Section 4, we discuss the results of the PSZ2 charac-
terization exposed in this work, including a detailed description
of some particular SZ targets (multiple detections, presence of
gravitational arcs etc). Finally, in Section 5 we present the con-
clusions.
We adopt ΛCDM cosmology with Ωm= 0.3075, ΩΛ= 0.691
and H0= 67.74 km s−1 Mpc−1.
2. LP15 Optical follow-up campaign
2.1. The Planck PSZ2 cluster sample
The PSZ2 catalogue has been produced from the data of the full-
mission survey of Planck corresponding to 29 months of obser-
vations. It contains 1653 detections; 937 sources are common to
PSZ1, while 716 are unique. 291 sources from the PSZ1 cata-
logue are not anymore in PSZ2.
The methodology used to construct the PSZ2 is an extended
and refined version of the PSZ1 one (Planck Collaboration
XXIX 2014). The PSZ2 cluster candidates, similarly to PSZ1,
are blindly selected using three different detection algorithms
(Planck Collaboration XXVII 2016). Two of the algorithms
(MMF1 and MMF3) are based on the same Matched Multi-
filters technique. The third one (PowellSnakes or PwS) is based
on a fast Bayesian approach to discrete object detection. The cat-
alogue contains all objects found by at least one of these three
methods with a significance S/N> 4.5. In order to clean the PSZ2
catalogue from the spurious detections associated with galactic
diffuse emission, some additional restrictions have been added
into the pipeline, together with the removal of those detections
confirmed to be spurious by the PSZ1 follow-ups. More detailed
description of the PSZ2 catalogue construction can be found in
Planck Collaboration XXVII (2016).
Thanks to the existing surveys and previous intensive follow-
up campaigns, about 73 % of the sources (1203) in PSZ2 are
confirmed clusters, from which 66 % (1094) have redshift es-
timates. The detailed information about the follow-up observa-
tions and cross-correlation with ancillary catalogues at different
wavelengths is reported in Sec. 7 of Planck Collaboration XXVII
(2016).
At the time of the catalogue publication, among unconfirmed
559 sources (both PSZ1 and PSZ2), 450 objects had no valida-
tion from other wavelengths. From them 350 cluster candidates
were unique for PSZ2 catalogue (i.e. not detected previously in
PSZ1 dataset).
2.2. Sample definition and observational strategy
The main motivation of our observational effort was to carry out
a systematic follow-up of the complete set of PSZ2 cluster can-
didates in the northern sky, with no confirmed counterparts at the
moment of the catalogue publication. The validation information
available at that time was included in one of the columns of the
PSZ2 catalogue, named validation, and contained a summary
of all the external identifications. For the definition of the LP15
sample, we choose all sources in PSZ2 with validation = -1
(i.e. no known external counterpart), PSZ1 = -1 (i.e. no match-
ing detection in the PSZ1 catalogue), and declination above−15◦
2
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Table 1. Summary information for the 2-years long-term programme LP15. Columns 4 to 6 show the field of view, the pixel scale and the resolution
of each telescope used (either imaging or spectroscopic mode). Column 7 shows the total number of awarded nights per telescope. The last two
columns present the total number of observed SZ clusters (imaging and spectroscopy), with the separated information for the first and second year
of the program.
Telescope Aperture [m] Instrument FoV Pixel Scale [”] Resolution Nnights Nima(y1/y2) Nspec(y1/y2)
INT 2.5 WFC 34′ × 34′ 0.33 – 21 210 (102/108) –
TNG 3.5 DOLORES 8.′6 × 8.′6 0.252 R = 600 13 – 20 (14/6)
GTC 10.4 OSIRIS 7.′8 × 7.′8 0.254 R = 500 80h (=10 nights) – 44 (23/21)
Fig. 1. Distribution of PSZ2 objects as a function of the S/N of the
SZ detection, and sample definition for this program. For displaying
purposes, we only show the S/N range up to 16, as this is the maxi-
mum S/N value in our sub-sample. The complete sample of sources at
Dec.> −15◦ (represented in light blue) has additional 26 clusters uni-
formly distributed in the range 16 <S/N< 50. The sources observed
during LP15 are shown in red. The bin size is 0.5.
(to be easily accesible from the Canary Islands Observatories).
This corresponded to 190 targets (out of the 350 unvalidated all-
sky sources).
The reason why we excluded the PSZ1 targets from this sam-
ple (48 in total) is that all those objects are already part of a ded-
icated follow-up campaing (Barrena et al. 2018), and thus, they
have been already observed by our team.
This set of LP15 sources was observed during four
semesters, 2015B–2017A, within the frame of the long-term
programme 128-MULTIPLE-16/15B (hereafter LP15). In total,
106 targets were studied during the first year of the programme
(semesters 15B and 16A), while the remaining 83 were observed
during the second year (semesters 16B and 17A).
All the observations were carried out at the Roque de los
Muchachos Observatory (ORM) on the island of La Palma
(Spain) using the following telescopes: the 2.5 m Isaac Newton
Telescope (INT), the 3.5 m Italian Telescopio Nazionale Galileo
(TNG), and the 10.4 m Gran Telescopio Canarias (GTC). For
these three telescopes, we requested in total 44 nights, approxi-
mately 50 % of them were dedicated to obtain photometric data
(INT) and other 50 % of nights to spectroscopic observations
(TNG and GTC). We summarize main information about LP15
in Table 1. Our sample of 190 sources corresponded to ∼ 54 %
of all unidentified PSZ2 objects, making our programme the
largest optical validation campaign of unconfirmed PSZ2 clus-
ters to date.
Figure 1 presents the distribution of cluster counts as a func-
tion of S/N for the full sample of sources observed during LP15
campaign, in comparison with the total set of 1003 PSZ2 sources
located at Dec.> −15◦. As it was expected, most of our sources
have S/N < 6, as the most difficult to validate using some
serendipitous shallow surveys available before our program.
We adopted an observational strategy very similar to the
ITP13-08 Programme (PSZ1 sources). Before including PSZ2
sources for photometric observations, we did the initial pre-
screening of the proposed targets by searching for possible coun-
terparts in the Sloan Digital Sky Survey (SDSS)4 DR12 photo-
metric and spectroscopic data (Streblyanska et al. 2018). If a
cluster counterpart was already confirmed in the SDSS data, new
imaging observations were not required in our LP15 programme,
and the cluster was directly considered for spectroscopy with
the aim of obtaining its mean redshift, velocity dispersion and
dynamical mass. Galaxy cluster members with SDSS spectro-
scopic information were also considered for the mean cluster
redshift calculation. After such pre-screening, we included all
the unidentified PSZ2 sources as targets for deep imaging using
g′, r′ and i′ broad-band filters.
In particular, for the subset of 106 sources studied during the
first year of the LP15 programme and included in this paper, 14
of them were already discussed in Streblyanska et al. (2018).
Of those, 9 had already a preliminary redshift estimation, and 5
were considered potential associations.
If cluster counterparts were identified using either our im-
ages or the SDSS data, we performed spectroscopic obser-
vations using multi-object spectroscopy (MOS). We used the
GTC telescope to observe the most distant cluster candidates (at
zphot > 0.35), while the TNG was used for the nearest ones (at
zphot < 0.35). As the last step, taking into account all the photo-
metric and spectroscopic information, the cluster validation was
performed using the selection criteria outlined in Sect. 3.
2.3. Imaging observations and data reduction
Imaging observations were obtained using the Wide-Field
Camera (WFC) installed in the 2.5 m Isaac Newton Telescope
(INT). The WFC camera at the INT is a four CCDs mosaic with
a field of view (FOV) of 34′ × 34′ and a pixel scale of 0.′′33. To
acquire the images, we performed a small dithering technique of
three points with offsets of 10′′, in order to clear the resultant
image from bad pixels, vignetting and fringing effects and be
able to minimize the impact of cosmic rays. The exposure times
vary between 900 s and 1500 s per band depending on the mag-
nitudes of the galaxies observed, which yields to completeness
and limit magnitudes (90% fractional completeness) in r′-band
4 http://skyserver.sdss.org
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Fig. 2. Example of the spectra obtained with TNG/DOLORES (left panel) and GTC/OSIRIS (right panel) for two galaxy members, with magnitudes
r′ = 18.7 and 21.8, in the clusters PSZ2 G079.36+38.06 (z = 0.299) and PSZ2 G126.57+51.61 (z = 0.816), respectively. Dashed lines correspond
to the wavelength of the absorption features identified in each spectrum at the redshift of the clusters. Flux density is plotted in arbitrary units.
of 22.2 and 23.6 respectively. The seeing conditions also vary
from 0.′8 to 1.′8. The photometric data were reduced using stan-
dard IRAF5 routines. The astrometric solution was implemented
using the images.imcoords IRAF tasks and the USNO B1.0
catalogue (Monet et al. 2003) as a reference. The final astromet-
ric surface provided a precision of about 0.′′02 in the centre of
the fields, and only in the very outskirts the astrometric error was
about 1′′. Therefore, the mean rms obtained across the full field
of view was ∼ 0.′′2.
The photometric calibration refers to SDSS photometry and
SDSS standard fields. Images obtained during non-photometric
nights were calibrated in posteriors runs. In order to detect the
sources in the images, we have used SExtractor (Bertin &
Arnouts 1996) in single-image mode. We detected sources in
g′-, r′- and i′-bands with S/N ∼ 3 in at least 10 adjacent pix-
els that implies a 1.5σ detection thresholds in the filtered maps.
Using the MAGAUTO mode, elliptical aperture photometry was
performed setting the Kron factor and the minimum radius
to the default values (2.5 and 3.5 respectively). Finally, the resul-
tant catalogues were merged to create a master catalogue con-
taining the information of every band.
We also used images in g′-, r′- and i′-bands to create the deep
RGB images which have been used for the visual inspection in
our validation work (see Sec. 3).
The broad-band images used to carry out this work has been
included in the Virtual Observatory (VO)6 collection for pub-
lic access. In the near future, our photometric and spectroscopic
catalogues will be also available through this facility.
2.4. Spectroscopic observations and data reduction
Spectroscopic observations were obtained using the multi-
object spectrographs DOLORES (TNG) and OSIRIS (GTC).
DOLORES (Device Optimized for the LOw RESolution) is
a low resolution spectrograph and camera mounted in the
Nasmyth B focus of the TNG. In MOS mode, it can carry up
to 5 masks allowing us to include between 40 and 50 slitlets per
mask. It has a CCD of 2048 × 2048 pixels with a pixel size of
5 IRAF (http://iraf.noao.edu/) is distributed by the National
Optical Astronomy Observatories, which are operated by the
Association of Universities for Research in Astronomy, Inc., under co-
operative agreement with the National Science Foundation.
6 http://www.ivoa.net/
Table 2. Confirmation criteria adopted to validate or reject clusters as
counterparts of SZ detections (see text for details).
Flag MOS Spectroscopy σv limit (km s−1) σR
1 YES > 500 for 0< z <0.2 –
> 650 for z >0.2 –
2 NO NA >1.5
3 YES < 500 for 0< z <0.2 –
< 650 for z >0.2 –
NO – < 1.5
ND – – –
13.5 µm and a plate scale of 0.′′252/pixel. We obtained the data
using the LR-B grism which provides a resolution of R = 600,
a dispersion of 2.75 Å/pixel and operates between 3800 and
8500 Å. We obtained Hg-Ne and He arcs in order to make the
wavelength calibration of the spectra achieving a rms error be-
low 0.1 Å/pixel over the whole wavelength range. We exposed
typically 3 × 1800 s per mask but, depending on the magnitude
of the galaxies observed, this time could change.
OSIRIS (Optical System for Imaging and low-Intermediate-
Resolution Integrated Spectroscopy) is a low and intermediate
resolution spectrograph and camera located in the Nasmyth-B
focus of the GTC. Its MOS mode allows up to 70 slitlets per
mask with a typical length of 4–5′′. The instrument is composed
of a double CCD of 2048 × 4096 pixels with a pixel size of
15 µm and a plate scale of 0.′′13/pixel. In this work we have
used the R300B grism which operates in the range 4000–9000 Å
and gives a dispersion of 5.2 Å/pixel using the 2×2 binning set-
up (R ∼ 500). We obtained Hg-Ar, Ne and Xe arcs in order to
make the wavelength calibration of the spectra achieving a rms
error below 0.2 Å/pixel over the whole wavelength range. We
exposed typically 3×1000 s per mask obtaining typical S/N∼ 5
for galaxies with magnitudes r′ = 21.6.
We designed the masks by using previous images obtained
for each field in the corresponding instrument. We used RGB
images (composed by g′-, r′- and i′-bands taken in the INT) as a
reference and we included slitlets with galaxies considered clus-
ter likely members, meaning with coherent colours and laying
in the red-sequence of the clusters (see Sec. 3.1). By using these
criteria, actual cluster members were selected with a success rate
of typically 50–60 % in the inner regions of the cluster while in
4
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the outer regions (> 0.3 Mpc from the brightest cluster galaxy,
BCG) the success rate was around 20 %.
The reduction process of the spectra followed the subse-
quent steps: combination of images, subtraction of sky compo-
nent from each slit, extraction of spectra, cosmic ray rejection
and finally wavelength calibration. Every step was carried out
using standard IRAF tasks. We decided not to apply bias and
flat-field corrections because it adds additional noise to the spec-
tra without significant improvement of S/N, and our final goal
is only the redshift determination. We used Hg-Ne and He-Ne
arcs for DOLORES and Hg, Ne and Ag arcs for GTC to do the
wavelength calibration. We searched for possible deviations in
the calibration using the OI telluric line (5577.3 Å). We found
no systematic offsets but random fluctuations smaller than 1 Å,
which correspond to ∼ 50–80 km s−1 depending on the cluster
redshift.
Based on the photometric redshift (zphot) estimation (see
Sect. 3.1), we divided our sample into two sub-samples. The
nearby clusters with zphot < 0.35 were observed at the TNG
whereas the distant ones with zphot ≥ 0.35 were observed at the
GTC. Figure 2 shows examples of spectra acquired with both
telescopes.
In order to obtain the radial velocities of the galaxies, we
used the task RVSAO7 implemented in IRAF. This routine is
based on the cross-correlation technique developed by Tonry
& Davis (1979). The method consists in performing a cross-
correlation between the spectrum of our galaxies and six tem-
plates (Kennicutt 1992) of different galaxy type: E, S0, Sa, Sb,
Sc and Irr. For each galaxy we adopt the radial velocity that
corresponds to the higher value of the parameter R that mea-
sures the S/N ratio of the cross-correlation peak. In general, this
method worked properly but in some cases the procedure led to a
non-realistic zspec, mainly due to the low S/N of the spectra. For
this reason, we inspected by eye every result and checked that it
was done accurately. In the majority of the spectra, absorption
lines were present (mainly H and K CaI doublet, Hβ, G-Band
and MgI triplet) when they fall on the wavelength range depend-
ing on each galaxy redshift. In a few cases, we could distinguish
emission lines such as OII and OIII doublet which were used to
determine the redshift.
The cross-correlation technique together with the quality and
the spectral resolution of the spectra yields a mean error in the ra-
dial velocity estimation of ∆v ∼ 75 km s−1. However, taking into
account double redshift estimations for a set of around 50 galax-
ies we were able to determine the systematic errors. Making a
comparison of the two velocity estimates we obtained a rms of
∆v ∼ 110 km s−1.
The benefits of using multi-object rather than long-slit spec-
troscopy is the fact that not only we can determine more pre-
cisely the mean redshift of the clusters but also we can infer
their velocity dispersion. On average, we retrieved between 10
and 25 cluster members per mask. In a first approximation, a
galaxy is considered to be a member of the cluster if its radial
velocity lays within 2500 km s−1 in rest frame from the cluster
mean radial velocity. Then, we follow an iterative method con-
sidering galaxies as members if their radial velocity is less than
2.5 times the velocity dispersion away from the cluster mean ve-
locity. In this way we guarantee that the majority of the selected
galaxies are members minimizing the presence of interlopers.
We note that, given the FOV of the different facilities, we are
usually selecting members for high-z clusters within the region
7 RVSAO was developed at the Smithsonian Astrophysical
Observatory Telescope Data Center.
R < R200, where R200 is the virial radius defined as the radius
enclosing over-density of 200 with respect to the critical density
of the universe.
Fig. 3. Illustration of our methodology to compute the cluster richness
using PSZ2 G032.77+19.69 cluster detected at z = 0.369. The panel
presents galaxy counts as a function of redshift for this observed field.
The blue line represents the galaxy counts outside 1 Mpc region from
the optical center of the cluster and the dashed blue line represents 1-σ
above the latter. The green point shows the galaxy counts (or R0, i.e.,
our initial value of the richness) for this particular cluster and its 1-σ
error bars. The corrected value of the richness Rcor is then calculated
by subtracting from R0 the background galaxy counts detected at the
redshift of the cluster. The complete description of the calculations and
discussion of these clusters are presented in Sec. 3.1.
3. Methodology for the identification and
confirmation of PSZ2 clusters
We identified, validated and characterized galaxy clusters using
the same criteria already adopted in our previous papers (Planck
Collaboration XXXVI 2016; Barrena et al. 2018; Streblyanska
et al. 2018). In the next subsection, we will describe again those
criteria, when applied to our LP15 sample. In short, for each
cluster we use the available photometric data, we carry out the
visual inspection, the inspection of the Compton y-map8 (Planck
Collaboration XXII 2015), and the analysis of the cluster red
sequence (using our photometric redshift estimation). The de-
tected over-densities are evaluated and classified using a rich-
ness parameter. Those clusters with spectroscopic data were also
evaluated using the value of the calculated velocity dispersion of
cluster members.
3.1. Photometric validation criteria
Our validation steps provide quantitative criteria for a robust as-
sociation between PSZ2 source and the observed optical cluster.
The visual inspection of deep RGB images around the official
Planck position allows direct identification of clusters and rich
groups in the redshift range 0.1 < z < 0.8 as a concentration of
8 MILCA full mission Compton y-map can be downloaded from the
Foreground maps/Compton-SZmap section located at http://pla.
esac.int/pla/#maps
5
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Fig. 4.Comparison between derived photometric and spectroscopic red-
shifts for a sample of sources validated with Flag= 1–3. The dashed
line shows the 1:1 relation. The dotted lines represent the photometric
error δz/(1 + z) ∼ 0.047. We underestimate the photometric redshift for
clusters at z > 0.5 due to lack of z-band photometry in our follow-up.
Therefore we assume these values as lower limits.
galaxies of the same colour. In addition, we always inspect the
flux density contours observed in the Compton y-map (Planck
Collaboration XXII 2015), and compare them with the positions
of the possible optical association. These maps, constructed from
linear combinations of the individual Planck frequency charts,
preserve the SZ signal and cancel the influence of the CMB and
galactic emission. For most of the clusters we observe the di-
rect dependence between the peak of SZ signal, shifted some-
times from the Planck PSZ2 nominal source position, and the
optical counterpart (Streblyanska et al. 2018). Also, if the loca-
tion of detected over-density is above the expected uncertainty
in the Planck detection (∼ 5′, see Fig. 3 in Planck Collaboration
XXXVI 2016) then the structures observed in the y-map allows
us to confirm or reject the association.
Once the clusters were identified, we inspected colour-
magnitude diagrams looking for the cluster red sequence (RS)
(Gladders & Yee 2000), using the colour-magnitude diagrams
(g′ − r′,r′) and (r′ − i′,i′). We fit the RS considering all galaxies
with colours within the range ±0.05 with respect to the colour
of the BCG. We derive the photometric redshift of the galaxy
over-densities following equations (1) and (2) from Planck
Collaboration XXXVI (2016). After estimating the zphot, we
evaluated the richness of detected systems to validate the ob-
served galaxy clusters as actual SZ counterparts.
The PSZ2 survey selection function (see Fig. 26 of Planck
Collaboration XXVII 2016) shows that the expected Planck SZ
detections are massive systems, with a mean mass over the whole
redshift range of 4.82×1014 M. Therefore, we would expect our
sample to be composed by massive rich clusters, and thus, no
poor systems should in principle be validated if they are found
along the line of sight of the Planck detection. In order to adopt
an objective criterion for discarding low mass systems, we de-
fined a richness parameter (R). There are multiple approaches
in the literature to calculate the richness of the observed sys-
tems. In this paper, we present a refined proceduce with respect
to our methodology in previous works (Barrena et al. 2012), tak-
ing into account the local background variance and making it
more robust in comparison with other validation works in the
literature. In short, R is computed as the number of likely mem-
bers (galaxies in the RS±0.15 magnitude locus) in g′ − r′ and
r′ − i′ for clusters at z < 0.35 and z ≥ 0.35, respectively, show-
ing r′−magnitudes in the range [m?r′ − 1,m?r′ + 1.5], where m?r′
is the characteristic magnitude and depends on the redshift (see
Barrena et al. 2012). We count galaxies within a projected region
of 1 Mpc radius from the optical center of the cluster at its red-
shift. This initial value of the richness (R0) is then corrected for
the field galaxy counts (Rf), which is computed in the same way
but outside the 1 Mpc radius region for each cluster. We must
stress that this final value (Rcor ≡ R0 − Rf) should be considered
as a lower limit to the richness of the system, as we are formally
counting in the Rf estimation some clusters members that might
lay outside the 1 Mpc region.
We based our confirmation criterion in the value σR, which
is computed as Rcor/
√
Rf , and describes the richness significance
above the local background level. Given that in our calculations
the richness is not a fixed value, and depends on the local en-
vironment, we can in principle equally good validate clusters
observed either in crowded star fields or in empty areas.
Despite the flexibility and robustness of this approach to cal-
culate the richness, we observed in two situations the weakness
of this method. First, the method is not working properly when
the FOV is relatively small compared to the cluster size. Also,
it could produce wrong results if we observe an over-density of
sources in the background. The algorithm then calculates artifi-
cially a high background Rf and, consequently, shows an under-
estimated value of Rcor due to the over-subtraction of this local
background from the data. If this is the case, after the careful
inspection of the images, we decided to keep the original (un-
corrected) R value (see notes in Table 3).
Fig. 3 illustrates our method for the determination of the
richness using one of the confirmed clusters from our sample.
The initial values of richness for the the cluster was R0 = 81.
PSZ2 G032.77+19.69 is located in a crowded star area, so the
richness of the field at the redshift of the cluster is also high
(Rf = 56.4) yielding Rcor = 24.6 and σR = 3.28.
3.2. Spectroscopic validation criteria
In addition to the photometric data, we obtained for almost all
clusters spectroscopic information. This includes our own ob-
servation and publicly available data from the SDSS survey.
We find a good agreement between the photometric and
spectroscopic redshifts for all our PSZ2 sources, except for high-
z clusters (see Fig. 4). We recall that our photometric redshift
is based in the r′ − i′ colour of likely cluster members (Planck
Collaboration XXXVI 2016), which is not appropriate estimator
for systems at z > 0.7. Obtaining secure redshift for sources at
0.5 < zphot < 0.7 is also limited by the lack of z-band photome-
try and obtained values must be considered as a lower limit. Our
study yields a photometric redshift error of δz/(1 + z) ∼ 0.047
when considering clusters with z < 0.7 ( ∼ 0.04 for z < 0.5).
On average, we typically obtain about 20–40 spectroscopic
members per cluster, and, consequently, a velocity dispersion σv
can be estimated. We used this value of σv to investigate whether
these clusters are poor or massive systems. There is a direct de-
pendence between the redshift and mass of the Planck clusters,
reported first in Planck Collaboration XXXII (2015) and stud-
ied in detail for high-z (z > 0.5) clusters in van der Burg et al.
(2016).
We expect that clusters at z < 0.2 with M500 > 1014 M h−170
will present σv > 500 km s−1, whereas clusters at z > 0.2 with
M500 > 2 × 1014M h−170 should show σv > 650 km s−1 (Munari
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Fig. 5. Left: Distribution of the optical centre offsets relative to their Planck SZ positions for the validated clusters (Flag= 1–3) presented in Table
3. The inner dashed line corresponds to 2′.6 radius region, which encloses the 68% of the PSZ2 confirmed clusters. External dotted line encloses
the 95% of clusters and corresponds to 6′. Cases with multiple optical counterparts have been excluded from this analysis. Right: Cluster optical
centre offsets relative to their Planck SZ position as a function of cluster redshift for a sample of 50 sources. The dashed horizontal line is 5′,
which represents the maximum offset expected for a Planck SZ detection (i.e. FWHM Planck multi-frequency combined beam). The dotted line
corresponds to the physical 1 Mpc radius region at the corresponding redshift.
et al. 2013). As in Barrena et al. (2018), we assume these values
in the velocity dispersion to distinguish between actual and de-
tectable systems by Planck and chance identifications not linked
to the SZ effect.
3.3. Summary of our validation criteria
Using all available photometric and spectroscopic information,
we adopted a set of flags according to the validation level of each
target (see Table 2). For the sources with the spectroscopic infor-
mation, we based our confirmation criteria only on the dynami-
cal properties of the clusters (through their velocity dispersion).
If no spectroscopic information available or only a few spectra is
present, we validate the cluster using the value ofσR for the rich-
ness significance above the background. We noticed that most of
our spectroscopically confirmed clusters haveσR larger than 1.5,
so we adopt this value as a threshold in our study.
The distance from the Planck nominal pointing is also taken
into account, however we consider this condition as a flexible
restriction, especially in the case of double detections or sky
regions contaminated by the galactic dust. The maximum off-
set expected for a Planck SZ detection is about 5′ (i.e., roughly
the angular resolution of the high-frequency HFI channels). In
the case of finding a distance larger than 5′ and obvious clus-
ter presence, we always inspect the distribution of the SZ flux
in the Compton y-map, and confirm/reject cluster according to
the observed SZ contours. The largest distance from the Planck
pointing, as confirmed by contours from the y-map, was found
to be 7.4′ for a cluster at zphot = 0.34 (see Section 4 and Fig. 7).
Fig. 6. The zoomed RGB image of the PSZ2 G079.36+38.06. This
cluster is one of the richest in our dataset, with more than 300 pho-
tometric members, 53 of them confirmed through the spectroscopy at
zspec = 0.299. The observed galaxies are grouped in several clumps
(marked as blue circles) and distributed across FOV (∼ 11′ ×19′) of the
optical image. The top-left panel shows the MILCA y-map with black
contours corresponding to the 3 and 6×10−6 levels of the y-map in this
area (in the RGB image the same contours are represented as green
lines). The red circles in both images correspond to the nominal Planck
position.
4. Results for the PSZ2 catalogue
4.1. Confirmed clusters
Table 3 summarizes our results for the 106 PSZ2 sources ex-
plored in the first year of our optical follow-up. We provide the
identification number in the PSZ2 catalogue, the Planck name,
S/N of the SZ detection, neural network quality flag Q NEURAL,
optical counterpart coordinates (assumed to be those of the BCG
position or, in the absence of BCG, an approximate geometri-
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Fig. 7. Two examples of the clusters where the distance between the optical counterparts and the nominal PSZ2 position are beyond the official
5′ limit. Left: PSZ2 G084.69-58.60 with BCG at 7′.1 at zspec = 0.185. Right: PSZ2 G118.79+47.50 with BCG at 7′.4 at zphot = 0.34. For both
clusters we show WFC/INT r-band images with white contours corresponding to the 3 and 6×10−6 levels of the Compton y-map in this area. The
red circle indicates the nominal PSZ2 position. The blue circle marks the BCG and the zoomed RGB image shows the central area of these rich
clusters. The elongated shape of y-map contours towards the clusters supports these associations.
cal centre of the likely members), distance between the optical
and SZ centres (in arcmin), redshift (photometric and, if avail-
able, spectroscopic), and number of spectroscopically confirmed
galaxy members. We also provide the richness information for
each cluster, quoting the richness value and the value of σR as
described above. The last two columns provide our cluster classi-
fication, following the flagging scheme described in Section 4.3,
and some comments relative to other possible identifications or
noteworthy features.
Some of our clusters were pre-selected from Streblyanska
et al. (2018) (mainly for MOS observations) and, thus, they
have SDSS photometric information available. We also quote for
these clusters the additional name from the catalogue of Wen et
al. (2012), if available. In summary, we update the information
for 14 clusters, being 13 of them members of the LP15 sam-
ple. The remaining one is PSZ2 G310.81+83.91, which was also
identified in the PSZ1 catalogue, and thus it is not included in the
LP15 sample.
At the moment of the publication, several articles reported
confirmation of some clusters from our sample. For exam-
ple, Boada et al. (2019) presented photometric redshifts for
eight clusters. For all matched sources, except for three clus-
ters, we have secure spectroscopic redshift measurements which
are in perfect agreement with the reported photometric infor-
mation. For PSZ2 G106.11+24.11, PSZ2 G107.83-45.45 and
PSZ2 125.55+32.72 we have only photometric confirmation.
Therefore, and for completeness, we presented in Table 3 our
alternative photometric measurements.
Following the confirmation criteria given above, we find that
50 PSZ2 sources present clear over-densities around the nom-
inal Planck position. However, after the inspection of obtained
σv, we classified eight clusters as weak associations with the
corresponding SZ source (i.e., Flag= 3). Thus, in total, we were
able to confirm 41 new PSZ2 sources, 31 of them classified with
Flag=1 (spectroscopic confirmation) and 10 with Flag=2 (pho-
tometric confirmation). In three cases, we found multiple optical
counterparts along line of sight.
The detailed description of cluster counterparts with the
spectroscopic confirmation and its corresponding physical prop-
erties, such as velocity dispersions and dynamical masses, will
be discussed in detail in a future paper.
For 50 detected clusters (with Flag 1–3) we studied the de-
pendence between the position of optical centre and the nomi-
nal Planck SZ coordinates. The position error predicted for SZ
detections in the Planck SZ maps was about 2′ for targets in
the PSZ1 sample and it was calculated that the cluster asso-
ciated with the SZ effect should be closer than ∼ 5′ (e.g., the
beam size of the SZ detection) from the SZ PSZ1 source coor-
dinates. However, it was shown during the follow-up campaigns
(e.g., Planck Collaboration XXXVI 2016; Barrena et al. 2018;
Streblyanska et al. 2018) that even if this is true for most of the
sources, some small percentage of true counterparts are located
in the distances of ∼ 6–8′. In most of the cases it corresponds to
nearby systems at z < 0.25 with large apparent radius or fields
affected by the optical structures, such as galactic cirri, which in-
fluence the Planck maps and, consequently, the final position of
the detected SZ source. Fig. 5 (left panel) shows the final offset
distribution of cluster optical centre relative to their Planck SZ
position. As it was expected, 68 % of the 50 confirmed cluster
sample are enclosed within 2′.6, while for 95 % of the sources
this corresponds to 6′. We also studied dependence between this
observed offset and redshift of the cluster (Fig. 5, right panel).
As it was expected, most of the clusters are located not only
inside the 5′ region, but also inside the physical 1 Mpc region
at the cluster redshift. In six cases (one of which corresponds to
multiple optical counterpart detection) we observe the true coun-
terparts at distances> 5′. The largest distance from the Planck
pointing, confirmed by contours from the y-map, was 7.4′ (see
discussion below).
In the following, we describe, as examples, a few clusters
showing some particular features.
PSZ2 G023.87-13.88 is the only fossil9 cluster in our sample.
It contains about 25 photometric members at zphot = 0.12.
PSZ2 G079.36+38.06 This cluster is one of the richest systems
in our dataset. We detected more than 300 photometric mem-
bers, distributed across the image and grouped in a few clumps
(Fig. 6). We were able to obtain spectroscopy for 53 sources and
confirm zspec = 0.299 with a σv = 913 km s−1. An example of
one of these spectra is presented in Fig. 2.
9 defined as galaxy systems with a magnitude difference of at least
two magnitudes in the r-band between the BCG and the second-
brightest galaxy within half the virial radius R200
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Fig. 8. WFC/INT r-band image of the PSZ2 G120.76+44.14 which
shows the presence of 2 optical counterparts at different redshifts lo-
cated at almost the same distance from the official Planck PSZ2 posi-
tion (∼ 2′). The white contours correspond to the 3 and 6×10−6 levels
of the Compton y-map in this area, and enclosed both observed sources.
The small red circle indicates the position of Planck PSZ2 source. The
small RGB images show the zoomed regions around the two clusters,
one at zspec = 0.296 (top panel), and a second cluster at zspec = 0.393
(bottom panel). We also detected a gravitational arc around the BCG of
the second cluster.
Fig. 9. WFC/INT g-band image of the PSZ2 G100.07+17.06. The black
contours correspond to the 3, 6, 9×10−6 levels of the Compton y-map in
this area. The small and big white circles indicate the nominal Planck
position and the 5′ region, respectively. No cluster counterpart is iden-
tified in this case. Most probably, the presence of important galactic gas
and dust structures influenced on the SZ emission in this area, creat-
ing spurious enhancements of the SZ signal and, consequently, false SZ
detection. We also observe that the elongation and direction of a dust
Galactic filament is strongly correlates with observed SZ flux profile,
supporting our hypothesis.
PSZ2 G084.69-58.60 and PSZ2 G118.79+47.50 Even
though these clusters are beyond the limit of the official 5′ dis-
tance accepted for SZ sources (7′.1 and 7′.4, for PSZ2 G084.69-
58.60 and PSZ2 G118.79+47.50, respectively) the MILCA con-
tours confirm that these clusters are actual counterparts to the SZ
signal (Fig. 7). In total, we have six cases where the clusters are
located beyond 5′ limit (5′.4–7′.4) and in all cases the contours
from y-maps support the validation. For some sources we even
observed the shift between the peak of the SZ signal (y-map) and
the nominal Planck position, similar to Fig. 8 in Streblyanska et
al. (2018).
PSZ2 G120.76+44.14 is an example of SZ sources with mul-
tiple optical counterparts. Both clusters are rich systems and lo-
cated at a similar distance from the nominal Planck position (∼
2′) and confirmed by y-map contours. One of these two clusters
is a system at zspec = 0.296, while the second has zspec = 0.363
and presents a clear gravitational arc around the BCG (Fig. 8).
Both clusters probably contribute to the SZ emission. In total,
we find three cases like this, where multiple counterparts are as-
sociated with a single SZ source. We denote these sources with
a special symbol in the Table 3.
Fig. 10. Number of cluster-candidates versus the neural network quality
flag value for the subsample of 106 sources studied in this paper. By
construction, Q NEURAL values smaller than 0.4 denote low-reliability
detections. This figure confirms that this parameter indeed effectively
separates real and spurious SZ identifications. However, we note that
some of the unconfirmed sources with high Q NEURAL values are located
in areas of strong dust contamination, probably producing the false SZ
detections.
4.2. Unconfirmed cluster candidates
Out of the 106 sources studied in this paper. 57 remain uncon-
firmed. Most of those SZ targets are located close to the galactic
plane and are associated with areas with strong dust contamina-
tion, thus, probably, producing false SZ detections in the Planck
maps (see e.g. Fig. 9). Similar cases were already reported and
intensively discussed in our previous follow-up works for PSZ1
targets (Section 4.3 in Barrena et al. 2018) and pre-selected
PSZ2 sources (Section 4.3 in Streblyanska et al. 2018). In the
presented field, as in the majority of other cases, we detect im-
portant galactic cirrus around the PSZ2 G100.07+17.06 in the
optical images. Moreover, the distribution of the signal in the y-
map is not compact, and shows an elongated profile along the
observed Galactic dust structures.
We emphasize here the importance of using optical and in-
frared observations to confirm the absence of a cluster coun-
terpart in those regions of strong dust contamination and for
sources detected with relative low S/N. For example, Khatri
(2016) proposed a theoretical approach for the validation of
the PSZ2 clusters based on the combination of CO and y-
maps only. They classified all sources in groups based on their
χ2CO−y determining whether a source is a cluster or a molecular
cloud. However, only 61% of 1094 previously confirmed PSZ2
sources with secure z information were classified as clusters
(CLG+pCLG) using this method. The rest of the confirmed clus-
ters were classified either as indeterminable (IND) or as molec-
ular clouds (MOC + pMOC). Studying their classification for
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our subsample of 106 sources, we found that 55% of our con-
firmed clusters were classified as molecular clouds, and 14% of
our unconfirmed sources classified as clusters. However, we note
that all our high S/N sources without an optical counterpart are
classified as MOC by this approach.
We note that for some sources, we cannot explain the ab-
sence of optical counterparts in terms of dust contamination. A
relatively high number of non-detections in “clean” fields was
found already in the PSZ1 sample, and it is re-confirmed in
the PSZ2 set. Inspecting in detail all our unconfirmed sources,
we found that most of them have neural network quality flag
Q NEURAL (Aghanim et al. 2015) close to 0. This flag was
introduced already for the PSZ1 dataset, and the value of 0.4
was used to separate the high quality detections from the low-
reliability ones. The original PSZ2 catalogue included 171 de-
tections considered likely to be spurious by the neural network
clasification, and from them only 19 were confirmed clusters
with redshift information. Our subsample of 106 sources con-
tains 37 objects with Q NEURAL < 0.4, and all of them, except
PSZ2 G137.24+53.93 and PSZ2 G310.81+83.91, were classi-
fied as unconfirmed. This result demonstrates again that this flag
effectively separates between real and spurious detections, and
thus it should be considered as valuable information in the vali-
dation process. In Fig. 10 we plot a distribution of confirmed and
unconfirmed sources versus Q NEURAL values. Some of the not
validated clusters with high values of Q NEURAL are located at
the areas with strong dust contamination being, most probably,
result of spurious enhancements of the SZ signal.
Finally, we mention that some of these unconfirmed sources
with the low value of Q NEURAL flag at the same time present a
high S/N of the SZ detection (values greater than 10), like PSZ2
G100.45+16.79, PSZ2 G153.56+36.82 and PSZ2 G107.41-
09.57. This again demonstrates the importance to perform multi-
wavelength follow-ups which include optical data, which allow
us to correctly validate SZ sources and establish the actual com-
pleteness of Planck detection.
We will address a topic on the purity of complete Planck SZ
sample and provide a detailed study on galactic dust contamina-
tion in a subsequent paper by Aguado-Barahona et al. (2019).
5. Conclusions
This paper opens a series of publications dedicated to the sci-
entific exploitation of the results obtained with the LP15 pro-
gramme, a large, systematic and uniform follow-up campaign of
all the unconfirmed and new Planck PSZ2 sources in the north-
ern hemisphere (i.e., having declinations Dec.> −15◦ and not
being included in the PSZ1 catalogue). With this definition, our
LP15 sample contains 190 objects (out of the 350 unconfirmed
objects in the full sky with no correspondence with the PSZ1
catalogue).
In this first paper, we summarize the information and discuss
the results from the first year of observations of LP15, where we
carried out a detailed study of 106 targets. Each source has been
carefully inspected, validated and classified with a Flag value,
which was assigned according to our confirmation criteria. We
used the available spectroscopic and photometric redshifts, the
flux density profiles from the Planck Compton y-map, dynamical
properties of the clusters and the optical richness. In particular,
in this study we present a refined procedure for the computation
of the richness parameter, taking into account the local back-
ground variance, and making it more robust in comparison with
other validation works.
Using our approach, out of the 106 objects, we have been
able to confirm 41 new Planck PSZ2 sources. Among them,
31 were validated using velocity dispersion calculated from our
spectroscopic redshifts. We also presented updated redshift in-
formation for one cluster, PSZ2 G310.81+83.91, which is not in-
cluded in the LP15 sample. Thus, in total we presented informa-
tion for 107 sources of the PSZ2 catalogue. In three cases, con-
firmed spectroscopically, we detected the presence of multiple
counterparts along the line of sight. The remaining 65 sources
were classified as non-confirmed, either due to the absence of
observed over-densities (57), or due to a weak association with
the SZ signal and dissatisfaction with our validation require-
ments (8 objects with Flag=3). We looked for the possible ex-
planations for this apparent absence of optical counterparts. We
found, that most of the unconfirmed sources are associated with
areas of strong dust contamination with consequently possible
spurious enhancements of the SZ signal. Also, most of our un-
confirmed sources show low values of neural network quality
flag Q NEURAL. We confirm that this flag effectively separates
between real and spurious SZ detections, and it should be con-
sidered as a valuable tool during the validation process.
The work presented here contributes to a series of efforts to
validate completely all Planck SZ sources, and ultimately will
allow us to determine the purity and efficiency of cluster detec-
tions in the Planck SZ catalogues.
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